We examined larval dispersal and behaviour in rainbow smelt (Osmerus mordax) from the Salmonier River estuary, Newfoundland, during 2003Newfoundland, during -2005. Riverine ichthyoplankton surveys indicate that larval transport into the estuary is restricted to a two-week period in late June. A passive drifter experiment and the spatial distribution of larvae and juveniles suggest limited dispersal and low export from the estuary. The estuary exhibited low inflow and stratification in summer and high inflow with a stable freshwater layer in fall. Summer and fall winds are primarily onshore. We hypothesised that larval vertical swimming behaviour limits dispersal and export. Larval vertical position and swimming ability were examined through lab-based experiments conducted 0-10 and 90 days after hatching. Measurements of swim speed indicate an order of magnitude (p < 0.001) improvement in swimming capacity between larvae and juveniles. One-week after hatching, larvae displayed consistent negative geotaxis, whereas juveniles were generally deeper and displayed negative geotaxis in light and positive geotaxis in the dark. The contrasting light-mediated geotactic behavior between development stages corresponds to ontogenetic shifts in swimming abilities and seasonal changes in estuarine circulation. We suggest that the interaction between behaviour, ontogeny, and hydrography results in limited transport and a tendency for estuarine-scale recruitment, despite an extensive pelagic period.
Introduction
Estuaries are highly productive regions that provide critical habitat for the early life stages of many marine fish and invertebrates (Bakun 1996) . Dispersal, connectivity, and population structure within estuarine species may be regulated through life cycle closure associated with limited larval dispersal (Sinclair 1988) . Measures of larval transport for fishes and invertebrate larvae are often elusive, complicated by interactions of hydrography (e.g., DiBacco et al. 2001) , behaviour (Christy and Morgan 1998; Metaxas 2001; Cowen et al. 2006) , and ontogeny (e.g., Hare et al. 2005) , all of which are species-dependent. Nonetheless, understanding dispersal is critical to the conservation of many coastal populations, some of which are currently exhibiting dramatic declines in abundance (Sale et al. 2005) .
In many instances, populations are structured in concert with estuarine dynamics (e.g., Bernatchez and Martin 1996; McLean et al. 1999) . Indeed, the scale of dispersal in many estuarine species is inconsistent with predictions based on passive transport (e.g., Thorrold et al. 2001) , a paradox that is often attributed to active behavioral modifications to drift trajectories (e.g., . However, for most invertebrate larvae and the early stages of many fish larvae, horizontal swimming ability may contribute little to horizontal displacement (Bradbury and Snelgrove 2001) .
In areas of high current shear typical of many estuaries, active manipulation of vertical position may allow selective transport of larvae in response to tides or light conditions (e.g., Dauvin and Dodson 1990; Davis 2001) . Active vertical migration has been demonstrated in multiple species of planktonic fish larvae, including walleye pollock (Theragra chalcogramma; Davis 2001 ) and bay anchovy (Anchoa mitchilli; Schultz et al. 2000) . Regular vertical movements allow larvae to choose flow speed and direction, thereby influencing retention or transport to nursery grounds and sites favourable for survival (e.g., Davis 2001; de Graaf et al. 2004 ; Lee et al. 2005) .
Rainbow smelt (Osmerus mordax) are small, schooling, pelagic fish that occur along the Atlantic coast of North America from Pennsylvania to Labrador (Scott and Scott 1998) . Most populations are anadromous; adults migrate to inland rivers at night during the spring to spawn and then return to sea during the day (Scott and Scott 1988) . Spawning migrations are usually restricted spatially and spawning usually occurs just above the head of tide (McKenzie 1964) . Eggs are negatively buoyant and adhere to bottom substrate, with egg stage durations that range from 10 to 20 days. Larvae actively synchronize hatch timing to dusk (Ouellet and Dodson 1985a; Bradbury et al. 2004) and are approximately 5-6 mm after hatching and negatively buoyant in fresh and brackish water. Yolk sac absorption usually occurs at 7 days after hatching, and flexion occurs at approximately 31 days after hatching or at a standard length of 10-15 mm (Sirois et al. 1998; Bradbury et al. 2004) . Upon hatch, larvae are transported to the estuary where they develop. Several studies suggest that larval smelt may use vertical migration to enhance estuarine retention (e.g., Ouellet and Dodson 1985b; Laprise and Dodson 1989) , though there has been disagreement regarding the specific environmental cues involved (Rogers 1940; McKenzie 1964; Dauvin and Dodson 1990) .
Our primary goal was to describe the dispersal of larval smelt and to evaluate active contributions (i.e., behavioral modification of vertical distribution) to dispersal trajectories. We address this goal through three interlinked approaches. First, we examine the spatial extent of horizontal dispersal during the pelagic larval stage within both the river and the estuary in order to estimate export from the estuary. Second, we examine the role that active alterations in depth play in horizontal displacement through hydrographic surveys, a passive drift experiment, and measurements of larval swim speed. Finally, we examine larval depth preference at 1-10 days and 90 days of age in response to various cues such as light and flow combinations. These experiments assume that cue responses observed in a lab setting are similar to responses in the field.
Materials and methods

Study location
Salmonier River estuary is located at the head of St. Mary's Bay on the south coast of the Avalon Peninsula (Fig. 1) . The estuary is approximately 13 km long from the tidal head to where it empties into the bay, and widths range from 1.3 km at the mouth to 0.31-0.10 km at the head. Inflow into the estuary varies seasonally from high inflow periods in fall and spring ranging from 25 to 50 m 3 ·s -1 to low inflow periods during summer characterized by flows of 1-3 m 3 ·s -1 . Oceanographic current patterns within St. Mary's Bay have not been studied. Modelling studies suggest currents are dominated by an inshore branch of the Labrador Current resulting in a counterclockwise flow that exits the bay on the western side (Sheng and Thompson 1996) . Oceanography in neighbouring Placentia Bay is of similar shape and orientation and has been studied more extensively. Predominant currents and transport of pelagic eggs and larvae in Placentia Bay support the prediction of a counterclockwise flow with alongshore current speeds ranging from 0 to 5 cm·s -1 entering on the eastern side and exiting on along the western side with retention times of approximately 30 days (for details regarding flow and transport in Placentia Bay, see Bradbury et al. (2000 Bradbury et al. ( , 2003 ). It is likely that similar conditions exist in St. Mary's Bay, although retention times may be decreased given its smaller size in comparison with Placentia Bay.
Ichthyoplankton and oceanographic data collection
Dispersal from Salmonier River
Smelt spawning locations in Salmonier River were identified through interviews with local residents and subsequent snorkelling surveys during the spring of 2002. Larvae hatched uniformly at dusk and were sampled nightly at 2200, 10 m downstream of the spawning ground, during June 2003-2005 as they drifted from river spawning beds to the downstream estuary. Sampling is described in detail by Bradbury et al. (2004) , but in brief, drift samples of eggs and larvae were sampled with a 30 cm ring net of 333 µm Nitex ® mesh fitted with a flowmeter (General Oceanics Inc., Miami, Florida) approximately 10 m downstream from the Salmonier River spawning site. Water depth was <1 m and single 15-min samples were taken every night (at 2200) throughout the hatch period beginning in early June and continuing until all eggs in the river had hatched (early July) in order to describe seasonality in spawning and hatch patterns. River water temperature measurements were made with an ethanol thermometer at the time of sampling, and all plankton samples were preserved in 95% ethanol and identified to species level.
Dispersal within the estuary
Estuarine ichthyoplankton and hydrography were sampled across seven transects distributed throughout the estuary (Fig. 1 , A-G) during 3-5 July 2005. Ichthyoplankton was sampled using a 1 m ring net towed obliquely across each transect through the water column for 10 min. Volumes filtered were estimated with a flowmeter (General Oceanics Inc.), and samples were processed as described above. Fifteen hydrographic stations (Fig. 1, ᭹) were sampled using a CTD (conductivity-temperature-depth) profiler (SBE 25 (15-18 November 2004) or SBE 19 (3-5 July 2005); SeaBird Electronics, Inc., Bellevue, Washington). Data was examined graphically to determine both vertical stratification and horizontal extension of surface penetration of freshwater into the estuary. Seasonal shifts in vertical stratification allowed examination of the magnitude of inflow and its penetration into the estuary, as well as potential export. Wind data were obtained from the Canadian Atmosphere and Environmental Service for Argentia, Placentia Bay (approximately 50 km away), for July to December of 2003 December of , 2004 December of , and 2005 . Wind data were rotated 25°to align with the long axis of the estuary. Wind direction and speed were converted to wind stress (Large and Pond 1981) and filtered using an 8th-order Butterworth lowpass filter to allow inter-pretation of drag force per unit area transferred to water surface.
To examine predominant drift of surface water, a passive drifter release was conducted on 25 June 2005. Oranges were chosen as drifters because they are positively buoyant, visible at great distance, and biodegradable. Similar releases have been conducted and resulted in good approximations of predominant flow and transport of pelagic Atlantic cod eggs located in the upper mixed layer around coastal Newfoundland (e.g., Bradbury et al. 2000) . A total of 1191 individually labelled oranges were released from the spawning location within the Salmonier River at 2200 to coincide with seasonal and daily peaks in hatch. Admittedly, given that they break the water surface, these oranges may be more responsive to wind stress and may therefore be more responsive to wind-driven flow than particles at depth. Nonetheless, the shallow depth of many parts of the river and negative geotaxis of larvae (see below) suggest that the drifter study is a reasonable approximation of passive drift. Oranges were recovered over the next 30 days based on visual surveys of beaches throughout St. Mary's Bay.
Early juvenile smelt were sampled within the Salmonier River estuary to provide the dual function of data on spatial and size-frequency distributions necessary to place the swim speed data within context of the larger population. Sampling took place during the fall (October to November) of 2003 and 2004 at each of 25 sites that spanned the estuary from river inflow to St. Mary's Bay. Sites were chosen based on distribution around the estuary, accessibility by small craft, and the presence of eelgrass (Zostera spp.) habitat. A 25 m demersal seine with 19 mm stretched mesh was deployed 50 m from shore. The seine samples 880 m 2 of habitat from the substrate to 2 m above the bottom and has a capture efficiency of 95% (Gotceitas et al. 1997 ).
Larval and juvenile swim speeds
Eggs were transported from the Salmonier River to the Ocean Sciences Centre of Memorial University and placed in aerated water from the river maintained at 10°C. Eggs hatched within 15-20 days and yolk sac larvae could be maintained for approximately 10 days. Efforts to get the larvae to feed were unsuccessful, and larval data are therefore limited to individuals that were still feeding on yolk sac. On repeated trips to the Salmonier River estuary in the fall, juveniles were collected with the beach seine described above, but efforts to transport them to the lab were unsuccessful and resulted in high mortality. We therefore transported the swim tunnel (see below) to the river and conducted swim trials on freshly collected juveniles of unknown age. Nonfeeding preflexion larvae were held for a period during which no visible effects on survival were observed (<10 days). Postflexion juveniles captured in the field were acclimatized to the lab and held for a maximum of 12 h to minimize containment-associated behaviours.
To evaluate larval swimming abilities, larvae for a given developmental stage (reported as size) were selected haphazardly and carefully transferred to a small (60 mL total volume) Blazka swimming tunnel. A swimming tunnel is a tube through which flow is created via a small impellor connected to a variable-speed motor. Larval fish are placed in the tube and flow is altered via the impellor to test swimming ability by determining the flow speed at which a larva can no longer maintain its position in the tube (see Beamish 1978) . Larvae were allowed to acclimate to the tunnel for 10-15 min in static flow. Swimming capacity was determined using a modified critical swimming velocity (U crit ) test (Brett 1964) , where current velocity was increased gradually from static in 1 cm·s -1 increments every 2 min until the larvae could no longer maintain position for a full 2-min period. This measure of swim speed represents an upper end of swim potential, and sustained swim speeds are typically much smaller (L. Guan and P.V.R. Snelgrove, unpublished data). The equation used to calculate the U crit of larvae followed Brett (1964) :
where U represents penultimate speed, U i represents velocity increment (1.0 cm·s -1 ), t represents time swim in the final velocity increment, and t i represents set time interval for each velocity increment (2 min).
The methodology for juveniles was similar to that used with larvae except that a larger swim tunnel (1.6 L volume) was required and the speed increments (U i ) for juvenile swim speed trials were 2.5 cm·s -1 . Ryland (1963) described the transverse velocity gradient in a tube 1.6 cm in diameter, which is similar in size to the tunnel used for the preflexion larvae examined in this study, and noted that velocity near the wall was lower than at the centre because of drag. All the reported swim speeds were for larvae near the centre of the tube to minimize the influence of the boundary layer on swim speed estimation. Nonetheless, we cannot completely rule out a minor boundary layer effect.
Vertical movement behavioural experiments
Fertilized smelt eggs were acquired from Holyrood Pond and the Salmonier River during spring spawning 2005 (Fig. 1) . The Holyrood Pond population spawned first (May 2005), followed by the Salmonier River (June). To collect eggs, burlap pieces (1 m × 4 m) were placed over the substrate at locations where spawning had been observed the previous night (see Bradbury et al. (2004) for details on egg collection). Given the negative buoyancy and adhesive nature of the eggs, they quickly accumulated on the burlap, and we observed no effect of the burlap on spawning adults. Burlap pieces remained in the river until covered with fertilized eggs (typically several days), at which point the burlap was carefully transported to a nearby lab and the eggs were reared in 80 L aerated freshwater tanks maintained at 13°C. Water quality was monitored until hatch with 50% water exchanges every second day. Because water exchanges in holding tanks were conducted on a 2-day cycle, the majority of larvae included in behavioural experiments were between 1 and 2 days old.
Initial experiments were performed on newly hatched preflexion larvae (0-10 days after hatching, noting that larvae feed primarily on yolk reserves during this period; Sirois et al. 1998 ) and experimental design followed Davis (2001) . Larvae were added to clear plastic columns (182 cm tall, 15 cm diameter, 2 mm thick). Because larvae occur in both low salinity and brackish areas of the estuary, separate experiments were conducted with either fresh (0 psu) or brackish (15-20 psu) water obtained from the Salmonier River estuary. Larvae were added at a depth of 10-20 cm below the surface, taking care to minimize stress and damage. In the brackish water experiments, larvae were added well below the surface (~50-60 cm depth) to eliminate entrainment in the freshwater layer that might result from addition near the top of the column. In all treatments, larvae were negatively buoyant and, in the absence of vertical swimming, quickly descended to the bottom of columns.
Plastic columns were covered with multiple layers of black plastic to eliminate extraneous light contamination. Plastic shades were arranged in a series of 30 cm panels that could be opened in random order to allow enumeration and avoid systematic biases. Experiments were done at varying times throughout the day and night to eliminate potential innate responses (i.e., tidal or diel) that might be unrelated to experimental stimuli.
Five different treatments were tested in fresh and brackish water: (i) top light, no flow; (ii) bottom light, no flow; (iii) no light, no flow; (iv) top light with flow; and (v) no light with flow. In all cases, preflexion larvae were exposed to a given treatment for 1 h to allow them to respond to each treatment before visual inspection and counting. Because of their larger size and superior swimming ability, juveniles were exposed to treatments for only 15 min to allow them to respond to the cues before inspection. However, longer periods were initially tested (up to 1 h) to confirm that positions did not change substantially after 15 min. In all trials, counts were obtained at 10 cm depth increments, resulting in 18 depth interval counts per trial. Because of their small size and the potential for counting error, larvae were enumerated twice per trial and then averaged.
Fluorescent lights (13 watt) were used to simulate sunlight in all trials and were placed either above or below the tube depending on the trial (Fig 2a.) . The light intensities varied from 50 µmol photons·m -2 ·s -1 directly above or below the light source to 5.0 µmol photons·m -2 ·s -1 at the point furthest from the source (Fig. 2a) . Fluorescent lights minimized the effect of water heating on smelt behaviour. Although flow speeds in the Salmonier River estuary were not measured, flow speeds used in behavioural experiments approximated alongshore speeds common from coastal Newfoundland (Bradbury et al. (2000) ; see Discussion). Top and bottom flows were generated following Davis (2001) . Bottom flows were created using a magnetic stirrer with a maximum flow speed of 5 cm·s -1 (Fig. 2b) . Top flows were created by pumping compressed air through plastic tubing into the water to achieve flows of 5 cm·s -1 that were countercurrent to bottom flows. All flow experiments were done with simultaneous top and bottom flows to mimic actual estuarine shear conditions and create a wide range of flow and turbulence conditions within the column (Fig. 2b) . Throughout all experiments, the room was kept dark and columns were maintained at 13°C to match ambient water temperature of the rivers. Larvae did not show any adverse response to being held in the columns and survived and remained active for up to 10 days with no food addition (I.R. Bradbury, unpublished data) . Air stones, though not present during the experiments because of the confounding effects they would have on flow, were added between trials in which limited availability necessitated reuse of larvae. The aeration ensured that oxygen gradients did not develop over time as fish selected specific depths.
Preflexion larvae (average size = 6.2 mm, σ = 0.33 mm, maximum age~2 days old) were added to each column by taking a 1 L sample from their rearing baths, which resulted in an average concentration of 1 larva per 100 cm 3 . Concentrations varied, however, from 1 larva per 910 cm 3 to 1 larva per 16 cm 3 in some trials depending on availability. Comparisons among experiments with different concentrations of larvae indicated no concentration effect on outcomes.
Juveniles (average length = 43.9 mm, σ = 9.9 mm) were obtained in mid-to late October from the Salmonier River estuary by beach seining in eelgrass beds (Fig. 1) . Because 4-month-old juveniles survived better in brackish water than freshwater, all experiments on juveniles were performed with water of salinity corresponding to the salinity where they were caught (approximately 20 psu). Juveniles were exposed to the same experimental treatments as the posthatch larvae with the exception of freshwater. Because of their larger size, juvenile numbers were maintained at lower concentrations than larvae, with an average of 1 juvenile per 467-695 cm 3 . Concentration had no noticeable effect on behavioural responses.
Statistical analysis
Each treatment was replicated 10 times, alternating among treatments (i.e., top light, bottom light, no light) to ensure no systematic bias. Larvae and juveniles were changed as frequently as possible, but it was sometimes necessary to reuse individuals, particularly with juveniles. In light of problems associated with centre of mass descriptions for depth distributions (Hare et al. 2005) , G tests were used to compare observed with expected (uniform) distributions of larval or juvenile rainbow smelt. For these comparisons, the expected distribution was that either larvae or juveniles would not respond to stimuli and would be haphazardly distributed among each 10 cm depth interval. Pooled G-statistic (G pooled ) values were initially determined using the pooled number of individuals per depth range per replicate for a given treatment (Sokal and Rohlf 1995) . Heterogeneity between replicates was examined using a heterogeneity G test (G het ). However, power to detect heterogeneity may be impeded significantly by low numbers in the juvenile experiments where abundances of <5 individuals per depth range and, in some trials, <1 individual were common. Additional G tests compared pooled results from brackish water larval and juvenile experiments to determine whether the distributions of larval and juvenile stages differed.
Results
Larval inflow
Larval flux from the Salmonier River began on approximately day 160 (9 June) each year and peaked between days 170 (19 June) and 180 (29 June) (Fig. 3) . In all three years, hatch was completed by day 190. Water temperatures within the river increased from 10 to 20°C during the hatch period (Fig. 3, broken line) . In all years, the majority of larval production was restricted to a four-to five-night period (Fig. 3) with peak hatch at water temperatures of~16°C.
Estuarine transport, hydrography, and swimming ability
Along-estuary wind measurements throughout the summer and fall of all three years indicate that the predominant wind stress is onshore (into the estuary; Fig. 4 ). Intermittent offshore wind events occurred, but were rare, inconsistent, and short in duration. CTD profiles suggest strong seasonal differences in river inflow. During the summer, the freshwater layer was virtually absent and surface salinities in the upper reaches of the estuary, ranged from 25 to 20 psu, and high surface salinities (30+ psu) were observed in two-thirds of the estuary. The fall was characterized by a stable freshwater layer (Fig. 5) , and a greater horizontal extension of freshwater into the estuary, as exhibited by surface salinities that rarely exceeded 15 psu, even at the transition to the bay (Fig. 6a) .
Horizontal dispersal was examined using passive drifters, as well as spatial patterns in larvae and juveniles during summer and fall, respectively. Passive drifters mirrored the extension of freshwater into the estuary in that most oranges were recovered within the upper one-third of the estuary (Fig. 6b ). Similar declines with distance were observed in smelt larval abundance in July 2005, which varied from 600 per tow in freshwater to near zero at the exit to the bay (Fig 6b) . Similarly, juvenile catches were limited to the upper reaches of the estuary, with absence from mid-to outer regions (Fig. 7) , and significant catches (>10 individuals per tow) were limited to the same three locations in all three years (I.R. Bradbury, unpublished data).
Newly hatched preflexion larvae hatched out at sizes of 0.5 to 0.77 cm with corresponding critical swim speeds of 2.7 to 3.8 cm·s -1 (Fig. 8) . By contrast, swim speeds of postflexion juveniles were significantly faster (p < 0.001, df = 63); individuals ranging in size from 4.8 to 6.9 cm had corresponding swim speeds of~11 to 50 cm·s -1 . These two size categories corresponded to the size frequency distributions of larvae and juveniles sampled in the Salmonier River and estuary, suggesting that the swim speeds were representative of natural populations.
Depth-preference experiments
Experiments with larvae in freshwater indicated that the majority of individuals were found at the surface (0-20 cm), irrespective of the presence of flow or whether lighting occurred from the top or bottom of the column (Figs. 9a-9e) . For top lighting, the larval vertical distribution was significantly different from a uniform distribution (G pooled = 37.64, p = 0.002; Fig. 9a ), although there was significant heterogeneity among replicates (G het = 448.26, p < 0.001). In the presence of bottom light (Fig. 9b) , in addition to the major peak at the surface, a substantial number (~12%) of individuals were also found at a depth of 170-180 cm (G pooled = 31.10, p = 0.02; G het = 417.57, p < 0.001; Fig. 9b ). In the absence of light, larvae were again distributed primarily near the surface (0-20 cm) of the columns (G pooled = 55.27, p < 0.001; G het = 436.59, p < 0.001; Fig. 9c ). Larvae were distributed deeper in the column (0-50 cm) in the presence of flow than in the absence of flow (0-20 cm), but individuals were nonetheless primarily near the surface in both no-light trials (G pooled = 43.88, p < 0.001; G het = 173.51, p < 0.001; Fig. 9d ) and top-light trials (G pooled = 34.18, p < 0.01; G het = 217.24, p < 0.001; Fig. 9e ).
Larvae in brackish water without flow were also distributed primarily near the surface (0-20 cm), irrespective of light treatment, and they were more uniform among replicates. In the presence of top or bottom light, larvae remained in the upper 20 cm of the column (top light (Fig. 10a) : G pooled = 86.43, p < 0.001; G het = 72.73, p > 0.05; bottom light (Fig. 10b) : G pooled = 119.52, p < 0.001; G het = 97.29, p > 0.05). With no light stimulus, larvae were again found near the surface and most individuals were within the upper 20 cm (G pooled = 112.32, p < 0.001; G het = 53.4, p > 0.05; Fig. 10c ). In the presence of countercurrent flows, larvae were again found at the surface (0-30 cm) (Figs. 10d and 10e) and at depths of 0-80 cm in the absence of light with flow (G pooled = 124.00, p < 0.001; G het = 146.57, p > 0.05; Fig. 10d ). With light from above, the highest numbers of larvae were within the upper 20 cm of the column (G pooled = 124.06, p < 0.001; G het = 118.9, p > 0.05; Fig. 10e ).
Unlike the posthatch larvae (Figs. 3-6) , the juveniles showed varying responses to different treatments (Figs. 11, 12) . Each of the juvenile treatments was significantly different from uniformity (p < 0.001). Juveniles congregated at 40-100 cm depth when light was from above (G pooled = 33.59, p = 0.009; G het = 181.11, p > 0.05; Fig. 11a ) and in the upper half of the column (0-100 cm) with bottom light (G pooled = 11.67, p > 0.05; G het = 192.1, p < 0.05; Fig. 11b ). When no light was present, juveniles were primarily within the bottom 10 cm of the column (G pooled = 36.82, p = 0.004; G het = 200.68, p > 0.05; Fig. 11c ).
In flow, juveniles dispersed more evenly throughout the columns but, as with the larvae, were found closer to the surface when light was present (G pooled = 23.22, p = 0.14; G het = 90.85, p > 0.05; Fig. 12a ) and deeper when light was removed (G pooled = 27.58, p = 0.8; G het = 215, p < 0.05). There was also a significant difference between the distribution of the larvae and the comparable juvenile distributions for each treatment (i.e., p < 0.001) with the juveniles consistently deeper than larvae.
Discussion
Estuaries have long been considered nursery grounds for a variety of marine and freshwater species (e.g., Able 2005) . The role of estuaries as nursery grounds and their importance to the spatial ecology of marine organisms is directly tied to the ability of pelagic larvae to maintain themselves within these areas. We demonstrate restricted larval dispersal in rainbow smelt that was limited to the upper reaches of the Salmonier River estuary. Interestingly, ontogenetic shifts in larval behavior and vertical position coincide with seasonal increases in estuarine inflow that may contribute to retention and limit larval dispersal within the estuary. Our results suggest that horizontal displacement during the larval stage within the Salmonier River estuary was on the order of 5-10 km, as shown both in larval and juvenile spatial abundance data. These data indicate clear associations with the upper reaches of the estuary and little export into the bay. Similar spatial patterns in smelt larvae have been observed in other studies (e.g., Rogers 1940; Fortier and Leggett 1982) . Bradbury et al. (2006) demonstrated significant genetic differences (F ST~0 .10) between smelt populations in coastal Newfoundland, indicative of restricted connectivity between these populations. The importance of restricted dispersal to population recruitment was stressed by Sirois and Dodson (2000) , who suggested that dispersal from the estuarine turbidity maximum may result in suboptimal growth and low survival. Sirois and Dodson (2000) sug- (Fig. 1) . gested that retention within the productive upper reaches of the estuary was tightly linked to individual survival and was likely associated with high selection pressure. Similar linkages between survival, behaviour, and transport have been observed during late embryonic development, where hatch is synchronized to windows of low predation pressure (Bradbury et al. 2004) . Nonetheless, no measures of larvae survival were made here, and we can only hypothesize that limited dispersal may lead to enhanced survival as observed elsewhere.
The hypothesis of limited larval dispersal is supported by the transport of surface drifters and the intrusion of freshwater during the summer months. The reduced export of surface waters during summer is consistent with limited transport of weakly swimming larvae located in these surface waters. This retention was somewhat surprising given that export of surface water is expected to be high in moderate to high inflow estuaries (e.g., DiBacco et al. 2001) . However, the seasonal variation in river inflow on the southeastern coast of Newfoundland is extremely high, varying by an order of magnitude from relatively high inflow in spring (25-50 m 3 ·s -1 ) and fall to low inflow during the summer (1-3 m 3 ·s -1 ). The timing of larval entry into the estuary coincides with low seasonal freshwater inflow evident in vertical salinity profiles that is exacerbated by consistent onshore wind.
We observed clear, nonuniform patterns in the vertical distribution of smelt larvae. Recently hatched larvae displayed consistent negative geotaxis independent of light or flow. The observation of posthatch larvae aggregating at the surface is not unusual (e.g., Dame and Allen 1996; Davis 2001; Bennett et al. 2002) , and in many cases, this is associated with positive buoyancy. Smelt larvae in our trials were consistently negatively buoyant, and the cessation of swimming always led to sinking of larvae. Interestingly, preflexion larvae seemed less able to maintain themselves at the surface in freshwater than in brackish water, but they nonetheless exhibited repetitive swimming and sinking behaviours. It is likely that increased buoyancy in brackish trials played some role in the decrease in individuals at depth, though it does not explain the accumulation of larvae at the surface.
The Salmonier River estuary is an example of a coastal plain estuary, and we observed a seasonal transition from a highly stratified estuary in fall to a very weakly stratified estuary in summer, when circulation is expected to result from the interaction of the turbulent forces of winds, tides, and baroclinic flow. Modelling studies in stratified estuaries suggest that freshwater inflow should result in a downstream movement and potential flushing of the estuary (e.g., Hellweger et al. 2004) balanced by inflow near the bottom (e.g., Pritchard 1967) . Accordingly, it has been hypothesized that estuarine larvae at the surface are advected seaward Kimmerer et al. 1998 ). The increased intrusion of ocean water in the Salmonier River estuary in summer is consistent with reduced river flow and onshore wind stress. Unfortunately, we lack direct measures of flow within the Salmonier River estuary, though deYoung et al. (2000) found a residency time of 5-10 days for St. John's Harbour, which has similar freshwater inflow. Their study also noted mean seaward surface currents of~4 cm·s -1 and 6 cm·s -1 at depth (10 m), with is consistent with the flow rates chosen for our vertical movement trials.
Along-estuary wind stress may play a significant role in dictating flow regimes (deYoung et al. 2000; Brown et al. 2004 ). Down-estuary wind stress may favour vertical stratification, whereas up-estuary wind stress may tend to break it down (i.e., wind straining, Scully et al. 2005) . Moreover, modelling studies suggest that in the presence of onshore winds, surface propagules may be transported or retained near the shore in coastal estuaries, whereas they tend to be quickly dispersed in offshore winds (Blanton et al. 1999) . This scenario is consistent with our drifter recoveries and our hypothesis that the dominant onshore wind stress in summer months may contribute to retention of preflexion larvae. In addition to onshore wind stress and reduced inflow, the convergent and restrictive nature of estuarine frontal formation may also influence larval transport (e.g., Largier 1993; Sarabun 1993) . Surface flotsam and foam indicative of front formation are common in the upper reaches of the Salmonier River estuary in summer months and, in conjunction with spatial data on sea surface salinity, support the hypothesis of frontal formation well within the geographic boundaries of the estuary. Convergent flow at estuarine surface fronts has been noted to reach to tens of centimetres per second (Sarabun 1993 ) and can be intensified by onshore winds forcing denser water toward the front (Largier 1993) . Moreover, given the role of topography in front formation, fronts may regularly recur at specific locations (O'Donnell 1993) . Interestingly, the extension of freshwater beyond geographic boundaries in fall suggests that if a frontal plume exists, it may extend into St. Mary's Bay, likely reducing its close association with the upper reaches of the Salmonier River estuary.
There are several possible explanations for surface aggregation of posthatch larvae. Negative geotaxis may be linked to predator avoidance within natal rivers where high predation of smelt eggs and larvae by young salmonids has been noted (Bradbury et al. 2004) . Within estuaries, however, larval predation is thought to be lower than in rivers (Sirois and Dodson 2000) . Alternatively, aggregation at the surface of posthatch larvae may be a passive process resulting from positive buoyancy and limited swimming ability. Fortier and Leggett (1982) observed no vertical migration in larvae under 10 mm, suggesting that larvae smaller than this size may be unable to cross the pycnocline and maintain themselves either in surface (capelin) or bottom (herring) waters. Beyond this critical size, the amplitude of vertical migration increased with size in these species (Fortier and Leggett 1982) , suggesting a size constraint on vertical migration behavior. Similarly, larvae of the congeneric O. eperlanus lack functional swim bladders and, along with their poorly developed fins, possess limited control over their location within the water column until they are between 12 and 15 mm in length (Urho 2002) . For the larval stages examined here, which were all well below this size threshold, our observation of near-surface aggregation but weak critical swimming speed and little other obvious strong behavioural responses is generally consistent with these other studies.
In contrast to preflexion larvae, juveniles displayed consistent changes in vertical position, which appeared to represent positive and negative geotaxis cued by light. Juveniles also had substantially stronger swim capabilities than their larval counterparts, which would be expected to have a greater impact on their dispersal and active self-recruitment potential. Although flow had no large effect on vertical position, the response was blurred by flow and distributions were more diffuse, suggesting that juveniles may use active swim behaviour to avoid areas of high flow and to choose preferred weaker flow conditions. An ontogenetic increase in the potential for active behaviour to modify vertical position in larval fish is consistent with Bradbury et al. (2003) , who predicted that the critical developmental stage for active behavioural influence on spatial pattern is approximately 10 mm.
Diel vertical migration (DVM) is a common behavior in estuarine fish and invertebrate larvae (e.g., Criales et al. 2005) , where larvae surface at night and migrate to deeper water during daylight hours (Poulin et al. 2002) . In contrast, we observed light-mediated vertical distribution responses that are consistent with a reverse diel vertical migration (RDVM; Ohman et al. 1983 ). Poulin et al. (2002) observed RDVM in gastropod larvae located in an advective, upwelling zone that enhanced coastal retention. Interestingly both behaviors (DVM and RDVM) have been reported for rainbow smelt depending on locality (Rogers 1940; Nellbring 1988; Laprise and Dodson 1989) . The mechanisms responsible for contrasting behaviours are unknown but may be linked to local estuarine conditions or evolutionary divergence associated with glacial refugia (e.g., Bernatchez 1997 ). Interestingly, RDVM should increase risk of predation by visual predators (Pearre 2003) . However the association of smelt larvae with areas of high turbidity (estuarine turbidity maximum, ETM) characteristic of many estuaries (e.g., Sirois and Dodson 2000; Lecomte and Dodson 2005) may reduce this risk. Moreover, in estuaries where larval predators undergo regular DVM, RDVM may act to counter predator behaviour (Ohman et al. 1983) . Admittedly, our experiments were conducted over time periods with less than a 24-h cycle, and despite clear patterns associated with light and dark treatments, we can only hypothesize that observed patterns would hold over 24-h changes in light exposure.
The larval vertical movement documented here appears to be primarily geotactic and not phototactic, given that the majority of larvae remained at the surface even with bottom lighting. Similar behaviour has been noted for walleye pollock, which congregated on the surface irrespective of top or bottom lighting (Davis 2001) . Contrary to Davis (2001) , we did not observe any shifts from geotaxis to phototaxis in flow trials. There was an indication of positive phototaxis in freshwater larval trials, where secondary peaks of abundance were observed at the bottom in the presence of bottom light; however, the absence of this pattern in the brackish trials makes interpretation difficult.
Several field studies have documented vertical migration in smelt. McKenzie (1964) observed that smelt larvae usually occurred near the bottom, although low concentrations were observed at the surface at night. In the St. Lawrence River, Laprise and Dodson (1989) suggested that active retention in the maximum turbidity zone was achieved through tidally cued vertical migration; their reanalysis of data from Rogers (1940) suggested that such cues could explain the observed distributions. This finding is in stark contrast with our observations that suggest that flow plays only a secondary role in determining vertical position. Of course, movement related to foraging behaviour was not examined here and may be important in field situations, but Dauvin and Dodson (1990) suggested that vertical migration in smelt was not related to feeding. Admittedly, the developmental stages examined here do not directly overlap many previous studies in the St. Lawrence, which examined larvae 8-30 mm in size (e.g., Fortier and Leggett 1982) . Nonetheless, our examination of pre-and post-flexion larvae highlights significant behavioural processes associated with each developmental stage.
The potential consequences for limited larval dispersal to the spatial ecology of coastal smelt populations are extensive. We suggest that restricted dispersal results in the formation of isolated demes associated with estuarine retention areas as predicted by the "member vagrant hypothesis" (Sinclair 1988) . Similar observations based on genetic (Bernatchez and Martin 1996) and morphological (Frechet et al. 1983 ) data for the St. Lawrence River estuary suggest discrete populations associated with local retention areas. A similar comparison of genetic diversity and morphology for populations of smelt along Canada's eastern coast (Newfoundland, Nova Scotia, New Brunswick, Prince Edward Island) suggests that Newfoundland populations (based on 10 estuaries along the southeastern coast of Newfoundland) are subject to limited gene flow, resulting in isolated demes that respond independently to selection for morphology (Bradbury et al. 2006) . Interestingly, populations in mainland Canada (i.e., Nova Scotia, Prince Edward Island, and New Brunswick) are not subject to consistent onshore winds and are characterized by significantly lower genetic structure and higher gene flow. One hypothesis for regional differences in gene flow between Newfoundland and mainland populations is that onshore winds and topography effectively retain weakly swimming, younger larvae until active behaviour can contribute significantly.
In conclusion, we observed short-distance larval dispersal in coastal smelt despite an extensive planktonic larval period. Retention appears to be the result of an ontogenetic shift in vertical behavior that coincides with seasonal changes in river inflow and predominant onshore winds. Such retention effectively restricts dispersal between estuaries, resulting in significant population structure. We suggest that larval dispersal in smelt is a complex interaction of seasonal changes in estuarine inflow and outflow, wind forcing, and ontogenetic shifts in swimming ability and behavior.
